A measurement method by comparing the time domain characteristics of impulsive electromagnetic noise and light emission was proposed to identify the noise from LED light bulbs which generated electromagnetic interference.
Introduction
Currently, the applications of green electronics such as in the LED light bulb are attracting considerable attention. To improve the efficiency and downsize the power circuit for the LED light bulb, various types of inverter circuits have been developed and installed in them [1, 2] . Their use is expected to become increasingly widespread. In 2010, poor TV reception occurred after installing LED lamps in a shopping street in the Miyagi Prefecture, Japan [3] . Strong electromagnetic noise from the lamps was discovered in the field survey. This noise leaked from the associated inverter circuits and radiated through the power lines. Furthermore this noise was spread across the UHF and VHF bands [1] , some of which are used for broadcasting in Japan. Many existing broadcasting systems operate at the same frequency as the noise from the LED lamps, for example, digital terrestrial television broadcasting (DTTB) and multimedia broadcasting of Japan [1] . When the poor reception has occurred due to noise from LED lamps in the field, it is necessary to identify the product which is a major cause of the poor reception and replace it with a product which makes less noise. However, the power lines are wired in the wall or ceiling. It is difficult to measure this noise directly in contact with the power line or near the power line. Because the power line is untouchable and the layout of the power line is invisible. Furthermore, it is not uncommon that many types of LED light bulbs are connected to the same power line and operated simultaneously. This situation makes it difficult and time consuming to identify which LED light bulb is mainly contributing the electromagnetic noise that is causing the interference. Conventional electromagnetic interference (EMI) survey by measuring the electromagnetic field strength with an antenna is difficult to identify the direction of the source of the electromagnetic noise, because the noise is not necessarily radiated from an LED light bulb as a point source, but from a switching noise current flowing along a power line, to which many LED light bulbs are connected and operated simultaneously. For these reasons, it is important to develop a technique to identify the noise from LED light bulbs. There have been very few studies investigating and identifying the LED light bulb that is a dominant noise source. In our previous research [4] , noise radiated from an LED light bulb was found to be a periodic or quasiperiodic pulse train. Each noise pulse was generated at the instant when the LED driving current was switched on or off. Hence the variation in the interval between successive pulses was closely related to the variation profile of the switching frequency, which is unique to the LED light bulb. The noise identification technique proposed in the paper makes use of the fact that the light emitted from the LED light bulb also has a periodic amplitude modulation caused by the switch on /off of the LED driving current. By measuring the variation in the light intensity of an LED light bulb in the time domain, and comparing it with that of the electromagnetic noise, we can distinguish whether the source of the electromagnetic noise is the specific LED light bulb or not. Measurement of time variation in light intensity can be done for a specified LED light bulb with high spatial selectivity by using a photo diode sensor equipped with a condenser lens. In this study, two LED light bulbs were chosen as an example to demonstrate the usefulness of the proposed identification method.
Measurement system
A measurement system was build for the demonstration of the proposed method. Figure 1 shows a schematic diagram of the measuring setup. This measurement system can be divided into two systems. One consists of a conical dipole antenna with a preamplifier used to receive the electromagnetic noise from an LED lamp. The other consists of a photo-detector with a condenser lens used to detect changes in light intensity and a low pass filter used to remove the high-frequency noise. These systems are connected to a 2-channel oscilloscope used to compare the waveform in the time domain. The conical dipole antenna covered the frequency range from 80 MHz to 3 GHz [1] where the noise radiated from the LED lamp became strong around 90 MHz. Depending on the real situation, the receiving antenna can be changed with a narrow band or high directional gain antenna. To increase the sensitivity of receiving light, a condenser lens was equipped in front of the photo-detector. This combination can detect changes in light intensity from a distance of 2 m from a typical LED light bulb and the spatial resolution is about 2 degree. Therefore, it is possible to select light emitted from the specified LED light bulb. Moreover, the photo-detector with bandwidth from DC to 200 MHz was chosen to take into account the switching frequency of the LED bulb light and pulse width of the electromagnetic noise. In this study, two different types of LED light bulbs were chosen. One was a supported lamp dimmer called LED A. The other was an unsupported lamp dimmer called LED B. Figure 2 shows the waveform of the electromagnetic noise and light intensity of LED A (supported lamp dimmer) with various observation times. Fig. 2 (a) shows the waveform corresponds to the switching frequency. Fig. 2 (b) shows the waveform corresponds to the AC mains frequency of the power supply in eastern Japan. As shown in Fig. 2 (a) , a sequence of short and long impulse waves is observed from the electromagnetic noise. The impulse wave periods of LED A were 9.8 µs. The emission of these impulse waveforms was synchronized with the switch on /off of the LED driving current in the LED light bulb. Then, the waveform of the variation in the light intensity was compared with the electromagnetic noise. It was clearly shown that the long and short impulse waves of the electromagnetic noise appeared at the instants when the time derivative of the light intensity became discontinuous due to the switching operation of the power supply circuit. The waveform in the timescale of the period of the AC mains frequency was also evaluated. As shown in Fig. 2 (b) , the generation of the electromagnetic noise and light emission from LED A were intermittent. Figure 3 shows the waveform of the electromagnetic noise and light intensity of LED B (unsupported lamp dimmer). Fig. 3 (a) shows the waveform corresponds to the switching frequency. Fig. 3 (b) shows the waveform corresponds to the AC mains frequency of the power supply. As shown in Fig. 3 (a) , a sequence of impulse waves was observed from the radiation noise. The impulse wave periods of LED B were 13.3 µs. It was also found that the impulse waves of the electromagnetic noise correspond to the time when time derivative of the light intensity was discontinuous. As shown in Fig. 3 (b) , on the other hand, the electromagnetic noise and light emission from LED B did not have an intermittent variation with the AC main frequency. As shown by the above, electromagnetic noise and light emission from each LED are synchronous, and have their unique variation patterns. We can make use of these characteristics to identify the source of interference. 
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Conclusions
A measurement method by measuring and comparing the time domain variations of impulsive electromagnetic noise and light emission was proposed to identify the noise from LED light bulbs which generated electromagnetic interference. An LED light bulb that is mainly contributing the electromagnetic noise can be identified because the generation of the impulses of the electromagnetic noise is synchronized to the light-dark changes in the light emission from the LED light bulb. It was clearly demonstrated by experiment that the impulsive electromagnetic waves were emitted at the instants when the time derivative of the light intensity became discontinuous. Therefore, it is possible to distinguish that the source of the electromagnetic noise is the specific LED light bulb or not. Development of a method for quantitatively evaluating the correlation between the electromagnetic noise emission and variation of light intensity will be our future work.
